Malate is a ubiquitous vacuolar anion in terrestrial plants that plays an important role in carbon metabolism and ionic homeostasis. In plants showing crassulacean acid metabolism (CAM), malate is accumulated as a central intermediary in the process of photosynthetic carbon assimilation, and it is also one of the major charge-balancing anions present in the vacuole. During the CAM cycle, malic acid produced as a result of dark CO 2 fixation accumulates in the vacuole at night (2 H+ per malate), and is remobilized from the vacuole in the following light period. CAM plants thus provide a good model for studying both the mechanism and control of malate transport across the tonoplast. Thermodynamic considerations suggest that malate'"' (the anionic species transported out of the cytosol) is passively distributed across the tonoplast. Malic acid accumulation could thus be explained by malate 2 -transport into the vacuole occurring electrophoretically in response to the transmembrane electrical potential difference established by the tonoplast H + -ATPase and/or H + -PPase. Recent studies using the patch-clamp technique have provided evidence for the existence of a vacuolar malate-selective anion channel (VMAL) in both CAM species and C 3 species. The VMAL current has a number of distinctive properties that include strong rectification (opening only at cytosolicside negative membrane potentials that would favour malate uptake into the vacuole), lack of Ca 2 + dependence, and slow activation kinetics. The kinetics of VMAL activation can be resolved into three components, consisting of an instantaneous current and two slower components with voltage-independent time constants of 0.76 sand 5.3 s in Kalanchoe daigremontiana. These characteristics suggest that the VMAL channel represents the major pathway for malate transport into the vacuole, although the. strong rectification of the channel means there may be a separate, still-to-be-identified, transport mechanism for malate efflux.
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Introduction
The green, photosynthetically active cells of plants performing crassulacean acid metabolism (CAM) are dominated by a huge central vacuole, typically occupying about 95% of the cell's volume. In addition to its usual functions in plants (Taiz, 1992; Wink, 1993) , the vacuole in these cells acts as a temporary repository for large amounts of malic acid synthesized as a result of nocturnal CO 2 fixation. After accumulating in the course of the night, this vacuolar malic acid is released back into the cytoplasm during the following light period. There it is decarboxylated, behind closed stomata, to provide a source of CO 2 for assimilation in the Calvin cycle.
This day-night cycle of carbon metabolism in CAM plants provides one of the best-understood examples of the biochemical basis of an ecological adaptation in plants (Osmond, 1978; Winter and Smith, 1996) . By opening their stomata mainly at night rather than during the day, CAM plants minimize the amount of water lost in transpiration during periods of CO 2 uptake. As a consequence, they can survive in a variety of water-limited environ-ments in the tropics and subtropics, such as semi-deserts and epiphytic niches in forest canopies. But what is less well understood is the way in which photosynthetic carbon metabolism in the cell cytoplasm is co-ordinated with the transfer of its principal intermediary, malate, into and out of the vacuole. To maintain cytoplasmic homeostasis, malic acid must be transported into the vacuole at night at almost exactly the rate at which it is produced via the cytosolic enzyme phosphoenolpyruvate carboxylase. Similarly, efflux of malic acid from the vacuole in the light period must be closely matched by the rate of malate decarboxylation in the cytoplasm (either by NAD-and/or NADP-malic enzyme, or by pyruvate Pi dikinase, depending on the species concerned). Kinetic control of these transport processes is also needed to help minimize futile cycling of malate, as any malate efflux from the vacuole during the night, or re-uptake of malate into the vacuole during the day, would be energetically wasteful.
The biochemical pathways involved in this day-night flow of carbon in CAM plants have been reviewed in detail elsewhere (Leegood and Osmond, 1990; Winter and Smith, 1996) . In this article, what is known of the mechanism of malate transport into the vacuole and the way in which it might be regulated is considered. Electrophysiological studies have shown that the plant vacuolar membrane contains a malate-selective anion channel, and its distinctive properties suggest that this is likely to represent the principal route for malate uptake into the vacuole.
Anion accumulation in plant vacuoles

Carboxylic acids and their anions
Accumulation of carboxylates such as aconitate, ascorbate, citrate, isocitrate, malate, malonate, oxalate or tartrate to relatively high concentrations (tens or hundreds of mol m -3) is very characteristic of plant vacuoles (Matile, 1987; Raven, 1987) . A special feature of the carboxylates involved in the CAM cycle is that they accumulate in the vacuole as the free acids. The main acid involved is malic acid (2 H+ per malate), but in some species there can be a significant accumulation of citric acid (3 H+ per citrate). Because of the background pool of carboxylates, which does not oscillate during the day-night cycle, the vacuolar sap is quite strongly buffered. Nocturnal accumulation of 150 mol m -3 malic acid (i.e. 300 mol m -3 H "), which is close to the maximum seen in Kalanchoe species under optimal conditions, causes vacuolar pH to decrease from about 6.0 at the beginning of the dark period to 3.3 at the end (Luttge and . Thus far, the greatest nocturnal acidification seen in CAM plants has been in the genus Clusia, where daynight changes in titratable H + concentration of 1.4 kmol m -3 have been recorded (Borland et al., 1992) , together with sap pH values as low as 2.85 (Franco et al., 1990) .
The fact that the concentration of free carboxylic acids (malic acid and sometimes citric acid) oscillates in CAM plants during the day-night cycle has important implications for possible transport mechanisms across the tonoplast. To maintain charge balance, these must ensure a stoichiometric balance between net H + and carboxylate transfer into and out of the vacuole during the CAM cycle. In C 3 plants, vacuolar carboxylates are largely balanced by the 'strong' inorganic cations K +, Na +, Ca 2+, and Mg 2+. Consequently, when vacuolar malate accumulates in C 3 plants-as, for example, during lightdependent nitrate assimilation, or in guard cells during stomatal opening-vacuolar pH tends to increase rather than decrease, as the carboxylate is balanced predominantly by inorganic cations (Martinoia and Rentsch, 1994; Smith et al., 1996; Willmer and Fricker, 1996) .
Anion-transport mechanisms
Values for the electrical potential difference measured across the tonoplast in plant cells are usually in the range -10 to -40 mV (Tyerman, 1992; Bethmann et al., 1995) , defined with respect to the vacuolar lumen according to the convention of Bertl et al. (1992) . This membrane potential results from the activity of two H +-translocating enzymes, the H+ -ATPase and H+ -PPase (Sze et al., 1992; Rea and Poole, 1993) , which pump protons into the vacuole. The negative cytosolic potential thereby generated will tend to promote anion transport into the vacuole.
All eukaryotes possess a vacuolar-type H +-ATPase (V-ATPase) associated with a variety of acidic organelles that include lysosomes, clathrin-coated vesicles, endosomes, and chromaffin granules (Forgac, 1989) . The H+-PPase, which at least in some cases is associated with active K + transport into the vacuole (Davies et al., 1992) , seems to be restricted within the eukaryotes to plants (Rea and Poole, 1993) . As yet, the relative contribution of these two enzymes to energization of the tonoplast in vivo has not been established, but this may depend very much on the particular cell or tissue type concerned.
Given the H + electrochemical potential difference established across the tonoplast by one or both of these H + pumps, anion uptake into the vacuole can be driven either by secondary active transport via H+ -linked counter-transport, or passively by utilizing the electrical component of the H + gradient. Although cation/H + antiport activity has been identified at the tonoplast (Sze et al., 1992;  Barkla and Pantoja, 1996) , it has proved more difficult to demonstrate conclusively the existence of H +-linked antiporters for vacuolar anion accumulation. Antiport with H + has been proposed as a mechanism for active transport of both Cl " and NO; into the vacuole (Schumaker and Sze, 1987; Tyerman, 1992; Bethmann et al., 1995; Miller and Smith, 1996) . However, determining whether active transport is required on thermodynamic grounds depends on accurate measurement of the relevant parameters in vivo (ion activities and transmembrane electrical potential difference), which is particularly difficult for the small cells typical of higher plants. Further refinements in ion-selective microelectrode technology should help to establish which ionic species are removed from equilibrium across the tonoplast (Felle, 1993; Bethmann et al., 1995; Miller and Smith, 1996) .
The prevailing negative tonoplast potential will facilitate the transport of anions into the vacuolar lumen (Martinoia, 1992; Sze et al., 1992) . The recorded membrane potentials (-10 to -40 mY) would, for example, be of the right order to sustain at equilibrium a 10-fold accumulation of a dicarboxylate anion in the vacuole. The high passive conductance of the tonoplast suggests this membrane possesses a relatively high density (and/or activity) of ion channels (Pope and Leigh, 1987; Tyerman, 1992) . As yet, though, our understanding of the principal pathways for anion transport into the vacuole is still rather rudimentary. In fact, apart from the apparently water-selective aquaporins , none of the genes encoding tonoplast ion channels has yet been cloned.
Malic-acid accumulation in CAM plants
The simplest transport model to explain nocturnal malicacid accumulation in CAM plants is shown in Fig. 1 . Proton-pump activity presumably increases dramatically at the start of the dark period in response to the acid load on the cytoplasm imposed by the onset of malicacid production (Smith and Bryce, 1992; Luttge et al., cyt. vac. eP P,
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T Fig. 1 . Components of the tonoplast transport systems proposed to be involved in nocturnal malic-acid accumulation in CAM plants. Malate!" is believed to be the principal form in which malate is transported, but at the acidic intravacuolar pH values typical of the dark period this species is protonated to Hmalate!" and Hjmalate'', depending on the prevailing pH. The coupling ratio of the V-ATPase, illustrated here as 2 H+: ATP, is not a fixed parameter but depends on factors such as cytosolic and vacuolar pH (Davies et al., 1994) . Separate transport pathways are shown for malate'"' and Cl ", for which there is some, albeit indirect, evidence (see text).
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1995). With the tonoplast polarized at cytosolic-side negative values, and given the appropriate concentration gradient, malate could enter the vacuole passively through an ion channel or transporter. Speciation modelling shows that malate 2 -is the predominant form of malate on the cytosolic side, but that a mixture of species, including chelates with calcium and magnesium, exists on the vacuolar side . As malic-acid concentrations increase in the vacuole and vacuolar pH decreases, a greater proportion of the vacuolar malate is converted into the protonated forms (Hmalate!" and H 2malateO). The overall result is that malate-" concentrations in the vacuole change very little in the course of the night, and the gradient remains consistent with that required for passive, downhill transport of malate/ -into the vacuole (Rona et al., 1980; Luttge et al., 1982; Arata et al., 1992) .
Although the overall 2: 1 ratio of titratable H ": total malate has been repeatedly observed experimentally, Fig. 1 represents a simplified view of the mechanistic stoichiometry of the transport processes. For example, the coupling ratio of the V-ATPase is not constant but varies with pH (Davies et al., 1994) . It is also not known to what extent malate might leak out of the vacuole during the dark period, although this would represent an energetically wasteful futile cycle if it occurred. Furthermore, the contribution made by the H+ -PPase in vivo has not been ascertained, but this enzyme is present at high activities in Kalanchoe species (Marquardt and Luttge, 1987; White et al., 1990) . Interestingly, when CAM is induced by salt treatment in the halophyte Mesembryanthemum crystallinum, the activity of the V-ATPase increases (Ratajczak et al., 1994a; Barkla et al., 1995) while that of the H+ -PPase declines (Bremberger et al., 1988) , suggesting that the V-ATPase is the more important enzyme in driving nocturnal malic-acid accumulation in these plants.
The vacuolar membrane of CAM plants no doubt contains an array of other transport systems, although few of these have so far been characterized. The tonoplast possesses a significant CI-conductance (Jochem and Luttge, 1987; White and Smith, 1989a) , as is true for most plants (Pope and Leigh, 1990; Barkla and Pantoja, 1996) and for the membranes of acidic organelles in animal cells (Al-Awqati et al., 1992) . This CI-channel is shown as a distinct transport pathway in Fig. 1 , for reasons that will be discussed below. In the inducible CAM plant Mesembryanthemum, an Na +/H+ antiporter has been shown to increase in activity in response to salt treatment, suggesting that it is involved in vacuolar Na + sequestration (Barkla et al., 1995) . Other transport systems, such as a mechanism for vacuolar Ca 2+ accumulation, are likely to be important features of the tonoplast of CAM plants, but as yet have not been investigated experimentally.
Little progress has been made in determining the way in which malic acid accumulation at night switches to a net and sustained efflux of this acid (2 H+ per malate) in the light period. A number of transport mechanisms are plausible, including efflux through channels or cotransporters, or even simple diffusion of the protonated species Hymalate" through the lipid bilayer (Luttge and Smith et al., 1996) . Still less is known about the kinetic control of the influx and efflux systems, which must be closely geared to the diurnal cycle of carbon metabolism in CAM plants, while at the same time minimizing futile cycling of malate. The main aim of recent research in this area has been to understand the mechanism of malate influx into the vacuole, which is considered in the following section.
Malate transport and vacuolar ion channels
Flux studies with isolated vacuoles and tonoplast vesicles
Although it is generally accepted that malate" -transport from the cytosol into the vacuole is thermodynamically downhill, there is less agreement on the principal mode of transport of this anion. Malate transport can be studied indirectly by examining the dependence of the rate of acidification of tonoplast vesicles(in the presence of either ATP or PP i to energize H + pumping) on the anions present in the external medium. Studies of this sort using fluorescent probes have indicated that the tonoplast in CAM plants has a high conductance to malate 2 -(relative to CI-), and also that malate/" uptake is able to dissipate an inside-positive membrane potential (Jochem and Luttge, 1987; Struve and Luttge, 1987; White and Smith, 1989a; Marquardt-Jarczyk and Luttge, 1990) . In contrast, rates of acidification in tonoplast vesicles from C 3 plants are much lower in the presence of malate--than CI- (Mettler et al., 1982; Kaestner and Sze, 1987; Pope and Leigh, 1987) . These differences between species point to the existence of more than a single type of anion transport system in the tonoplast.
In other work with CAM plants, malate transport has been studied more directly by assaying uptake of radiolabelled substrate either into intact vacuoles (Buser-Suter et al., 1982; Nishida and Tominaga, 1987) or tonoplast vesicles (Bettey and Smith, 1993; Ratajczak et al., 1994b) . Collectively, these studies have revealed a malate-uptake system with an apparent K m value in the range 1 to 4 mol m -3, a moderate degree of substrate specificity, and sensitivity to a variety of known anion-transport inhibitors. There is also evidence that the rates of malate transport at the tonoplast correlate with the degree of CAM activity (Struve and Luttge, 1987; Smith, 1989b, 1992) . A similar system for malate transport has been observed in vacuoles and membrane vesicles from C 3 species such as Hordeum (Martinoia et al., 1985 (Martinoia et al., , 1990 and Catharanthus (Marigo et al., 1988) . There is also evidence that the membrane potential alone can drive malate uptake Betteyand Smith, 1993; Ratajczak et al., 1994b ) . While all these properties are consistent with passive uptake of malate by either a channel or a transporter, the majority of authors have favoured a carrier mechanism Martinoia et al., 1991; Dietz et al., 1992; Luttge et al., 1995) . There are indications from differential inhibitor sensitivities that separate pathways may exist for malate'"' and chloride transport (Martinoia et al., 1990) .
Electrophysiological studies
The contribution of ion channels to anion transport across the tonoplast has been examined directly using the patch-clamp technique. The first tonoplast ion channels identified-the slow vacuolar (SV) and fast vacuolar (FV) channels-both have significant anion permeability, and it has been suggested that under certain circumstances they might be involved in anion transport.into the vacuole (Coyaud et al., 1987; Hedrich and Neher, 1987) . But both these channels show considerably higher permeability to cations than anions, which is not a property consistent with results from the flux studies described above. The SV channel opens mainly at positive tonoplast potentials and requires high Ca 2+ (of the order of 1 mol m -3) for maximal activity. With the discovery of a significant Ca 2+ permeability of the SV channel, it now seems that its most likely physiological function is as a pathway for general cation release from the vacuole (Ward and Schroeder, 1994; Schulz-Lessdorf and Hedrich, 1995; Ward et al., 1995) . The similarly high cation:anion permeability ratio of the FV channel, and the fact that it is active at both positive and negative potentials, suggests that this might function principally as a shunt conductance for cations, which would help to sustain H + transport and vacuolar acidification driven by the vacuolar H+ pumps (Davies and Sanders, 1995) .
The most plausible pathway for channel-mediated malate uptake into the vacuole is seen in the timedependent malate currents described for Beta (Pantoja et al., 1992) , the CAM plant Graptopetalum and Arabidopsis (Cerana et al., 1995) . Analysis of whole-vacuole currents suggests that these channels are strongly rectifying, permitting only malate transport from the cytosol into the vacuole (Cerana et al., 1995) . They have also been shown to be Ca 2+ -independent and selective for malate? -over K ". This current may correspond to the single-channel currents with a unitary conductance of about 120 pS at 10 mol m -3 cytosolic malate reported for Graptopetalum tonoplast 
Malate currents in Kalanchoe
The tonoplast of leaf mesophyll cells of Kalanchoe daigremontiana provides a good model systemin which to study malate transport, as the membrane conductance is dominated by the VMAL channel. Malate currents recorded from an inside-out 'macropatch' excised from the Kalanchoe tonoplast are shown in Fig. 2A . Little current is observed at positive potentials, indicating that malate does not move readily out of the vacuole. In contrast, large inward currents are observed at negative potentials, representing movement of malate from the cytosolic side of the membrane to the vacuolar side. This is consistent with the VMAL channel providing a major pathway for malate influx into the vacuole.
Inward currents exhibited time-dependent activation, not detected for outward currents. Three components could be resolved. The first component appeared instantaneous and could not be resolved with a sampling interval of 1.5 ms. The two slower components could be fitted with exponential functions and had mean time constants of 0.764±0.036 sand 5.26±0.37 s (means ±SE, n=80 fits); a single exponential gave a much poorer fit to these data (Fig. 2B) . Neither of these time constants showed significant voltage dependence (Table 1) . Whole-vacuole malate currents of Arabidopsis (Cerana et al., 1995) also showed three exponential components of activation. The two slower ones were voltage-independent and had timeconstants of approximately 0.8 sand 4 s, as for Kalanchoe; however, the fastest component, which appears instantaneous in Kalanchoe ( Fig. 2A) , could be fitted in Arabidopsis   Table 1 . Time constants (T) 
for activation of vacuolar malate currents recorded in symmetrical 100 mol m-3 NMDG-malate solutions
Time constants were calculated for experiments of the type shown in Fig. 2 . Values are means ± SE, with the number of fits given in parentheses.
Voltage (mV)
7"1 (s) (1984) and vacuoles obtained by a hypoosmotic shock in a solution of 150 mol m-3 mannitol, 25 mol m-3 Tris (pH 7.5) and 2 mol m -3 EGTA for 20 min. Currents were recorded using an EPC-7 amplifier (List-electronic, Darmstadt, Germany). The data were low-pass filtered with a 3-pole Bessel filter at a cut-off frequency of 3 kHz. Voltage protocols, data acquisition and analysis were performed using the pCLAMP 6 program (Axon Instruments, Inc., Foster City, CA, USA). Patch pipettes were made from borosilicate capillaries (Sigma Chemical Co., Poole, UK) and coated close to their tips with blue inlay casting wax (Kerr UK Ltd., Peterborough, UK) to reduce their capacitance. They were pulled so as to have a relatively low resistance of 5-10 MQ when filled with pipette solution. Both the bath and pipette solutions contained 100 mol m -3 N-methyl-Dglucamine (NMDG)-malate, 2 mol m-3 MgCl z and 5 mol m-3 bis-tris propane (pH 7.5, NMDG), adjusted to 440 mosmol kg-1 with mannitol. (B) Curve fits for two time-dependent currents at potentials of -80 and -100 mY. Currents were recorded at a sampling interval of 1.5 ms and fits calculated using the Chebychev method from pCLAMP 6. Data were fitted to either a single first-order exponential (dotted lines) or the sum of two first-order exponentials (continuous lines); average time constants for the latter are given in Table 1 . Currents are shown for illustration at a sampling interval of 37.5 ms.
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Time (s) greater than the outward currents (at positive potentials). Two possible explanations can be proposed for this rectification. First, it could result from a decrease in the open probability of the VMAL channel at positive potentials. Second, rectification could be caused by the movement of a voltage-dependent blocking ion into the channel pore that prevents movement ofmalate out of the vacuole. This would be analogous to the inward rectification of Kir channels in animal cells, in which outward potassium currents are blocked by cytosolic Mg 2 + and polyamines (Doupnik et al., 1995) . In the case of the VMAL channel, candidate blocking ions are Mg 2 + and Cl", which were present in the recording solutions used here. This type of model implies that the binding site for the blocking ion within the channel would only be accessible from one side of the membrane (i.e. from the cytosolic side in the case of Mg 2 + , or from the vacuolar side for Cl-). Although cytosolic Mg 2 + might conceivably accumulate in the pore at positive potentials, the flux of malate out of the vacuole might be expected to displace the Mg 2 + ion and relieve the block. It seems more likely that cr serves as the blocking ion, since Cl" and malate/ -flux would occur in the same direction through the pore at positive potentials. Further support for a role for Cl " could come from the observation of Plant et al. (1994) that the malate currents of Beta vacuoles can be reduced by increasing the vacuolar chloride concentration. It is also possible that the blocking particle could be part of the channel protein.
A related question that arises is whether, despite its strong rectification, the VMAL channel could provide a physiological pathway for malate efflux from the vacuole . If the tonoplast potential permitted channel opening but was less negative than the equilibrium potential for malate-" (Emalz-) , then this ion could move passively out of the vacuole through the channel. To establish whether this occurs in practice, further experiments on the rectification mechanism of the VMAL channel are needed. However, there is some evidence from Graptopetalum and Arabidopsis (Cerana et aI., 1995) that the VMAL channel is active only at tonoplast potentials more negative than Ema1z-. For CAM plants, it should also be noted that malate efflux from the vacuole during the light period must be accompanied by the net efflux of 2 H + per malate. If malate efflux were channel-mediated, a separate pathway for H + would have to be identified. Furthermore, because synthesis of malic acid ceases in CAM plants at the end of the night, it is possible that the activity of the tonoplast H + pumps is down-regulated in the light period; this would tend to depolarize the membrane potential and reduce the activity of the VMAL channel (cf. Fig. 4) . In addition to a better understanding of the rectification of the VMAL channel, accurate values for the components of the malate electrochemical with a time constant of 45 ms (Cerana et al., 1995) . These parameters have not been measured in other studies, although the slow activation kinetics have been noted for Beta vacuoles (Pantoja et al., 1992; Plant et al., 1994) , as well as for single-channel currents from Graptopetalum paraguayense, in which the latency to the first channel opening in response to a negative voltage step was 3 to 4 s . Thus, the unusually slow activation of the VMAL is a feature common to all the species in which it has been studied so far. It is also notable that deactivation of Kalanchoe tonoplast malate currents follows a similarly slow time-course to that of activation, with two time constants of O.806±O.166 ms and 6.54±2.70 s (means ±SE, n=4: Fig. 3 ). The voltage dependence of the instantaneous and timedependent malate currents in symmetrical 100 mol m-3 malate solutions is shown in Fig. 4 . It is clear from this plot that both currents are strongly rectifying, with the inward currents (at negative potentials) being much difference across the tonoplast during the day-night cycle are also necessary to assess the feasibility of different efflux mechanisms.
Conclusions
Malate is one of the most widespread and abundant anions in plant vacuoles, but the mechanism by which it is transported across the tonoplast has been difficult to elucidate. In CAM plants, the thermodynamic gradients across the tonoplast indicate that malate? -transport into the vacuole could occur by a downhill, electrophoretic process, utilizing the electrical potential difference across this membrane established by the H+ -ATPase and/or H+ -PPase. Electrophysiological studies have now shown that the tonoplast contains a strongly rectifying, malateselective anion channel (VMAL). This channel appears to make a major contribution to the passive conductance of the tonoplast in both C 3 and CAM plants. The properties of the VMAL channel are consistent with it providing the major pathway for malate/" transport from the cytosol into the vacuole. The findings from earlier flux studies of malate transport with isolated vacuoles and tonoplast vesicles can be reconciled to a considerable extent with the properties of the VMAL channel. However, it is possible that the tonoplast contains more than one type of malatetransport system, so further study of this membrane using a combination of approaches is needed. In particular, little is known of the mechanism of malate efflux from the vacuole, or of the way in which it is controlled. The rectification characteristics of the VMAL channel suggest that it is unlikely to mediate malate efflux from the vacuole. Thus, identification of any additional transport systems involved in malate release from the vacuole would significantly improve our understanding of the role of malate in carbon metabolism and ionic homeostasis in plant cells.
